Luminescent amorphous silicon nitride films were prepared with different hydrogen flow rates in very high frequency plasma enhanced chemical vapor deposition system. Very bright orange-red light emissions can be clearly observed with the naked eye in a bright room for the films grown at the hydrogen flow rate of 30 sccm. The photoluminescence intensity of the film grown at the hydrogen flow rate of 30 sccm is found to be four times higher than that of the film without hydrogen dilution. However, with further increasing the hydrogen flow rate from 30 to 90 sccm, the photoluminescence intensity of the film rapidly decreases. Fourier-transform infrared absorption spectra indicate that the introduction of N-H bonds is of a key role to enhance the photoluminescence intensity of the films. Based on the measurements of structural and bonding configurations, the improved photoluminescence intensity is attributed to the well hydrogen passivation of nonradiative defect states related to N at proper hydrogen flow rates.
Introduction
Since the observation of efficient room-temperature photoluminescence (PL) in porous silicon, various Si-based materials have been extensively explored for high efficiency light emission, which hold promise for some innovative applications in the integrated optoelectronic devices on silicon substrates [1] [2] [3] [4] [5] . To date, the light emission from Si-based materials in the range from the near infrared to blue has been demonstrated. However, from the viewpoint of practical application, the efficiency of light emission from these systems is still not high enough. Therefore, various efforts have been made to improve the luminescent intensity from the Si-based materials. One of the most successful methods takes advantage of hydrogen passivation [6] . Hydrogen is generally used to saturate the silicon dangling bonds, which is of importance to reduce nonradiative defects due to dangling bonds [7] . To improve the luminescence efficiency in silicon nitride films, SiH 4 /NH 3 instead of SiH 4 /N 2 was intensively employed as reaction gases with the aim of utilizing the hydrogen passivation of nonradiative defect states [8] . In the previous work, we also showed that the PL efficiency of a-SiN x films can be remarkably improved by using a high pressure deposition method [9] . In the present work, the effects of hydrogen flow rate on the PL properties of a-SiN x films were investigated. PL measurements reveal that the PL efficiency can be significantly improved by increasing the hydrogen flow rate properly. Interestingly, it is found that very bright orange-red light emissions can be clearly observed with the naked eye in a bright room. It is suggested that the enhanced emission intensity is closely related to the chemical bonds reconstruction, particularly the increasing concentration of N-H bonds resulted from the H passivation of N related defect states.
Experimental
The amorphous silicon nitride films were prepared on Si (100) wafers and quartz in a conventional parallel plate radio frequency (40.68 MHz) glow discharge system using the gas mixture of SiH 4 , NH 3 , and H 2 as the precursor. The flow rate of hydrogen was varied from 0 to 90 sccm, while the flow rate of SiH 4 and NH 3 was kept at 5 and 25sccm, respectively. The power density of 0.6 W/cm 2 was used in the experiments. The growths were carried out at a low temperature of 250 . The pressure in the chamber was 900 Pa. A Fourier transform infrared (FTIR) spectroscope was employed to record the bonding configurations of the samples. PL measurements were carried out on a Perkin-Elmer LS50B fluorescence spectrophotometer at room temperature. The 370 nm line of a Xe lamp was utilized for excitation. The microstructures of the samples were revealed by high-resolution transmission electron microscopy (HRTEM) with a JEM4000EX microscope.
Results and discussion
FIG. 1 PL spectra of the a-SiNx films grown at different hydrogen flow rates. Inset is a photo of PL from the a-SiN x films grown at R=30 sccm when illuminated by a 6 W UV lamp. Figure 1 shows the PL spectra of samples fabricated at different hydrogen flow rates. The PL spectrum of the sample without hydrogen dilution exhibits red light emission. The PL intensity remarkably increases with increasing the hydrogen flow rate R. The PL intensity of the film grown at the hydrogen flow rate of 30 sccm is found to be four times higher than that of the film without hydrogen dilution. It is interesting to find that very bright orange-red light emissions from the sample grown at R=30 sccm are perceptible to be observed with the naked eye in a bright room when illuminated with a 6 W UV lamp as shown in the inset of Fig. 1 . However, with further increasing hydrogen flow rate from 30 to 90 sccm, the PL intensity rapidly decreases. The above results indicate that the PL intensity from a-SiN x films can be significantly enhanced by controlling the hydrogen flow rates properly.
FIG. 2. The Raman spectra for the a-SiN x films prepared at different hydrogen flow rates, respectively.
To analyze the origin of the characteristics in PL spectra, first, the microstructure of the samples was investigated by using Raman spectra, as is shown in fig. 2 . For all the samples, one can see that only a weak and broad band peaked at 485 cm -1 can be observed in the Raman spectrum, which is almost independent of the hydrogen flow rate. This result indicates that no Si nanocrystalline exists in the samples, which is in good agreement with the TEM result presented in fig. 3 . Figure 3 show the crosssection TEM micrograph of the sample prepared with the hydrogen flow rate of 90 sccm. One can see that the a-SiN x film does not show any sharply contrasted structure, that is no Si nanodot is embedded in the sample. The FTIR was also used to examine the local bonding configurations in the samples. Fig. 4 shows the typical FTIR absorption spectra of the samples prepared from different hydrogen flow rates, respectively. These spectra mainly display the following vibrational bands [9] : The intense absorption band at ~850 cm -1 is connected with the Si-N stretching mode. In addition to the ~850 cm -1 band, a shoulder at ~1170 cm -1 is assigned to the N-H rocking mode. The ~2140 cm -1 bands correspond to the Si-H stretching mode. The ~3350 cm -1 band is associated with N-H stretching mode. The sharp feature of these spectra is that the N-H vibrations as well as Si-H vibration strongly depend on the hydrogen flow rates. The ratios of N-H/Si-N and Si-H/Si-N deduced from the IR absorption coefficient are plotted as a function of hydrogen flow rate in fig 5. It can be seen that the ratio of N-H/Si-N remarkably increases with the hydrogen flow rate and then saturates at R=30 sccm. With further increasing the hydrogen flow rate R from 30 to 90 sccm, the N-H/Si-N ratio rapidly decreases. This is different from that of Si-H/Si-N where the ratio increases with the hydrogen flow rate R from 60 to 90 sccm. From fig. 5 , it is apparent that the behavior of the PL intensity with the hydrogen flow rate R exhibits a similar tendency to that of the N-H/Si-N ratio with the hydrogen flow rate R. This strongly indicates that the increase of the emission intensity is closely related to the chemical bonds reconstruction, particularly the increase concentration of N-H bonds. Up to now, PL investigations of SiNx films have been reported and various PL mechanisms including quantum confinement effect (QCE), band tail states, surface states of Si-NC and defect-related luminescence centers have been proposed [3] [4] [5] 8] . In our case, as is shown in the cross-section HRTEM image no Si nanodots can be found in the samples, indicating that the PL is not resulted from the quantum confinement effect in Si nanodots. On the other hand, in our previous work, we have demonstrated that the PL intensity of the samples can be significantly enhanced by increasing annealing temperature to 600 C [9] . The enhanced PL intensity was attributed to the increasing N related defects created by thermal annealing. This is because the increasing annealing temperature results in a remarkable decreasing intensity of the N-H vibration in the samples due to the breaking of N-H bond at high temperature [9] . It should be note that the behavior of the PL intensity dependent the N-H vibration in the annealed samples is completely different from that observed in the as-deposited samples grown with different hydrogen flow rate. Therefore, in our case we can exclude the origin of the enhanced PL in the samples arising from the N related defect states. It seems that optical transitions among the band tail states that well passivated by H are responsible for the enhanced PL in the samples. In PECVD system, the resident time of the precursors in the plasma region strongly relies on the total flow rate [10] . The increase of the total flow rate would reduce the resident time of the precursors in the plasma region, which is unfavorable for the dissociation of the precursor. In our case, at low flow rates the precursors (H 2 ) are largely depleted, resulting in the high hydrogen atom flux to the growth surface. The high density of hydrogen radicals would not only enhance the surface diffusion of the precursors by covering more hydrogen on the growing surface but also significantly reduce the nonradiative defect states in the samples. These well explain the fact that the PL intensity from the a-SiN x films initially tends to increase with increasing the hydrogen flow rate. As the PL intensity from a-SiN x films is directly proportional to N-H vibration intensity, the enhanced PL intensity is considered to be from the hydrogen passivation of nonradiative defect states related to N. It is also found that with further increasing the hydrogen flow rate from 30 to 90 the PL intensity rapidly decreases. This is due to the fact that the high flow rates would reduce the resident time of the H 2 , which in turn weaken the dissociation of H 2 , thus decreasing the concentration of H radicals in the growing surface. Therefore, nonradiative defects in the films that cannot be effectively passivated results in a decrease of the PL intensity.
Conclusion
In summary, Luminescent properties of a-SiN x films prepared with different hydrogen flow rate were investigated. The PL spectra of the films grown at proper hydrogen flow rate manifested strong orangered light emission. The PL intensity of the film grown at the hydrogen flow rate of 30 sccm is found to be four times higher than that of the film without hydrogen dilution, which is attributed to the well hydrogen passivation of nonradiative defect states related to N. The remarkable improvement in the PL intensity of a-SiNx films strongly indicates that the hydrogen passivation can serve as a significantly effective way for enhancing the light emission of the Si-based materials.
